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Abstract
Numerous inorganic and organic electrochromic materials are
discussed in the context of developing a thin film energy efficient
window. By use of electrochromic thin films, it is possible elec-
tronically to control transmission or reflection properties of a
window, thus allowing it to be optically and thermally managed, thereby
reducing space heating and cooling loads. The properties of transition
metal oxides, such as w03, M003, Ir203 and V205 are detailed. Organic
systems such as Heptyl Viologen, Polytungsten anion are reviewed.
Also, intercalated structures are discussed. The designs of working
devices are outlined. From this quantification, materials, devices

and appropriate deposition technology are selected for window

applications.

*The work described in this report was funded by the Office of
Buildings and Community Systems, Assistant Secretary for Conservation
and Solar Applications, U. S. Department of Energy on Contract

No. DE-ACO03-76SF00098.



I. Introduction

Electrochromism and electrochemichromism* are exhibited in a
widespread number of materials both inorganic and organic in nature.
The electrochromic effect is of current interest because of its future
utilization in electronic display devices. The electrochromic effect,
in essence, is a material or material system which exhibits intense
color change due to the formation of color centers when atomic defects
are induced by an applied electric field. Also this effect can result
from an electrochemical reaction, giving a colored compound. The
electrochromic effect is very promising for optical shutter applica-
tions in conservation and passive solar energy window designs.
Ideally, such a device with a flat panel configuration could provide
a much needed heat management function in a11_types of buildings.

It could offer adjustable or programable transmission or reflection
properties, while maintaining an aesthetically pleasing building
element. However, not all electrochromic compounds are acceptable for
windows, as they require the material, in the bleached form, to be
transparent or translucent. Current work on electrochromic devices is
proprietary in nature and the bulk of the Titerature is concerned with

mechanistic studies. Also, the theory about the manner in which a

*Strictly speaking, ?1 ctrochromism is a solid state effect and
electrochemichromism is an electrochemical effect and most of the
systems described herein are based on electrochemichromism; however,
no distinction will be made beyond here.



particular material exhibits this phenomena is still in many cases a
subject of controversy. The following treatise will review many types
of electrochromic materials classes and develop specific materials

which are most promising as optical shutters.

II. Electrochromic Classes

There are three general classes of electrochromic materials. They
are (1) transition metal oxides (mainly hydrous) (2), organic and (3)
intercalated materials. Of these systems both solid state and liquid
electrolyte devices have been designed.

The bulk of the research published to date is on the transition
metal oxides. Within this large classification, there are some dis-
tinctions. The most popular system appears to be the IV-B oxides. In
this group are wo3, MoO3and also Cr03, which has not been
investigated for electrochromic applications.

Another category is the group VIII oxides, where most of the parent
metals belong to the platinum group (Pt, Ir, Os, Pd, Ru, Rh). Also,
in the group VIII category are iron, cobalt and nickel. Currently
three of the group ViII oxide materials have exhibited electro-
chromism, IrOX-nHZO, Rh203-nH20 and NiO-nHZO. For the remaining
oxides there may be electrochromism yet to be demonstrated candidates
0 or PtO

are C0203-nH 0, Pt,0,-nH enH

270 2732 2 2

possibly Fe203-nH20. Sti11 yet unrelated oxides such as V205 and

0, Pd02-nH20 or PdO-nHZO and

doped SnTiO3 show electrochromism.



Other important éategories are intercalated materials and organic
compounds. The viologens, pyrazoline, lanthanide phthalocyanines and
anthraquinoides and conductive organic polymers have shown electrochromism.

Table I shows a listing of reported electrochromic films for

reference.

IIT. Group VIB Oxides-—WO3 and M0034§ystems
Both stoichiometric and substoichiometric forms of w03 and M003,
along with various admixtures, exhibit electrochromism. The bulk of
prior research has been performed on the w03 compound and to a
lesser degree M003.
A. ygs
In tungsten oxide (tungstic acid) w03, amorphous and crystalline
fi]ms have shown electrochromism. Films of wo3 can be converted
from transparent into deeply colored HXWO3 by proton injection from
a suitable electrolyte. wa03 can be generalized to wa03, including
6ther jons, namely, L1+, Na+, K+, Cs+ and M92+.
It was believed up until about 1975 that w03 underwent a redox

reaction to form a blue colored oxide product with applied current.

The reaction was proposed to be,

WO, + 2 yH +2 yeo = W0

X 3x-y * yH20 ?

3

as mentioned in recent reviews on the overall subject of electrochromic

(1,11)

displays. A similar but more complex model for this system was
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(12)

proposed in 1975, which resulted in a complex of WO: and OH™

according to the following reaction:

WO, + yH + ye” = W0, _(OH)

3 3-y y

Another model proposed at this time which fit experimental data was an

intervalence transition absorption mechanism for electro-coloration of

w03.(13‘16) Coloration of the film was achieved by simultaneous

injection of electrons and protons (or cations) into wo3, forming a

tungsten bronze, according to the following equation:(13)

+ - + -

+
where M is a positive ion, the simplest case, a proton, H . 1In

amorphous film above x = 0.32 the tungsten bronze becomes meta]]ic,(20_21)

and below it semiconducts due to localization induced by inherent

lattice disorder and disordered arrangement of protons in the M sub-

(19,20) with this hypothesis the phenomena of coloration

(14)

lattice.

was accounted for by intervalence transfer absorption stated as,

W) + Wl ) + v > W) + W (B) i

where A and B are two different tungsten lattice sites. Closely

related to this theory is small polaron absorption which has also been



suggested to explain coloration of wo3 fi]ms.(7’9’22'24)

In both
these models coloration is attributed to the tight localization of
conduction band electrons to w5+ sites. The w+5 species form a
defect band that is localized within the bandgap. However, coloration
can be explained by delocalized electrons and free electron plasma
absorption. This effect has been ruled out since in amorphous films a
broad absorption peak is noted over the range 1.2 to 1.5 eV(9’14)
rather than a sharp characteristic plasma peak.

Recent electron resonance studies argue against both intervalence
transfer and small polaron models. It was found that the electrons
are not uniquely localized in HXWO3 in either amorphous or

. 5+
crystalline forms. If W

is formed during coloration the donated
hydrogen electron must be delocalized over a number of tungsten
sites.

Following the intervalence transfer and polaron models, a model
for device operation can be made. An optical absorption transition
from the valence band to the defect band can result generally from
photon irradiation or an applied electric field. In the former manner
population of the defect band causeé what are known as color centers.
For electrochromic films an external field is used to sufficiently
bend the bands so injected electrons can fill the defect band. By

reversing the field the bands are allowed to bend in the opposite

direction allowing depletion of the defect band and film bleaching.



L. B,405

Electronic transport in amorphous wa03 films is by a variable

range hopping model for x < 0.3. Conductivity is o = 987 (x - 0.31)1'6

for 4.2°K and approximate for 300°k ., (20)

Stoichiometry was measured for amorphous films prepared by thermal
evaporation in vacuum from WO3 powder. Resulting films were measured
by proton backscattering and revealed wa02.7 with 0.2 < x < 0.5;(26)
for x above 0.3 the films were metallic. However, this data has been

(28) In

critized and oxygen to tungsten ratio may be 2.96 - 2.99.
many cases in the literature, tungsten bronze is referred to as HXWO3,
because its stoichiometry is unknown. The convention used in this

study is to state stoichiometric compounds if the exact stoichiometry

is unknown.

Electrochemical data has been measured on a wide x = 0.002-0.5

range of amorphous wa03 fi1ms.(29)
2. ﬂgxﬂgs and Lixﬂg3

Both sodium and 1ithium tungsten bronzes have been investigated as
electro-coloring material. Their properties and characteristics are
similar to wa03. NaXWO3 shows a change from light green to
deep blue. This material is made electrochromic by acid anodization

(30,31)  pnodization creates a 15008 thick

(32)

of an as deposited film.
sodium depleted surface layer. A proton then can occupy the

empty Na site, thereby resulting in the color center formation known
to wa03. The electronic structure of NaXWO3 has been investigated

a1so.(33)
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For Lixw03 it has been argued that the presence of Li+

+
instead of H may make a longer lifetime cell, as hydrogen tungsten

bronze in acid electrolyte tends to discolor with time.(34) Lixwo3
shows a phase change at x = 0.4. Symmetric cells of Lixwo3 and

w03 when activated show blue for x < 0.4 and pink for larger x.(34)

3. HgPO,(WO,),,enH,0
Phosphototungstic acid (H3PO4(WO3)12-nH20) is a member

of a group of compounds known as heteropolyacids. Within this class-

ification several materials have been known to exhibit coloration upon

reduction. The electrochromic properties in solution have been noted

(35)

elsewhere. However, phosphototungstic acid exhibits electro-

coloration in its solid form. This material serves also as a proton
conductor, eliminating the need for an ionic electrolyte. In the

bleached state this compound is white (as a compressed powder) and

(36)

activated, it is blue. This substance would be useful only

in windows, possibly sky lights, if it were translucent. If this
material could be formed into thin films rather than being used as a
powder, it may have promise.

B. Moo,

Color center phenomena has been noted in both crystalline and
amorphous forms of HxMOOS' The absorption spectra of wa03,

and HXMoO3 is very similar; it peaks in the red 0.87 micron wave-

(37,38)

length. Its characteristic color when activated is purplish

blue. This molybdenum bronze has a humidity threshold below which

(40)

coloration will not take place. The refractive index of MoO3
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(38)

as a thin film is n = 2.30 for wavelengths greater than 0.8 microns

(6)

(at 0.35 microns n = 2.2 for wavelengths greater than 0.5 microns.

Amorphous films are generally substoichiometric; possibly they are
MoO2 96'(39) They can be colored by ultraviolet Tight or by

applied electric field. The mechanism of coloration is thought to be

(5)

similar to the tungsten oxide films, but has yet to be verified.

C. M—WO3 Cermets and w03—M003 Composites

Au—WO3 and Pt-—WO3 cermets have been formulated as electrochromic
materials. The additions of Au and Pt were made in the hope of being
able to "tune" the color of the electrochromic material. The charac-
teristics of 20-120A gold particles in amorphous WO3 results in a
material which was blue initially and became red or pink when electro-

(50,51)

chromically excited. In a polycrystalline WO3 matrix the

colored state is dark blue.
The purpose in developing mixed oxides was to create an electrochromic

system which was better suited to the human eye peak response at

52,53)

2.25 eV.( (The peak for wo3 is 1.4 eV and MoO3 is 1.56 eV.)

For highly colored films a peak of 2.15 eV can be obtained with a mix

of 50 at.% M003.(54)
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IV. Group VIII Oxides—Hydrated IrOx, Rh,0,, Ni0

The hydrous group of the oxides in VIII has recently been
investigated for e]ectrochromism.(4l) Currently it is known that
oxides of iridium, rhodium and nicke1(41) can be electrochromic.

A1l of these oxides are generally formed by anodization of a metal
film or by reactive sputtering. Also, they are believed to color by
anode transfer of a electron into the metal substrate coupled with a

cation ejection into or an anion injection from the e]ectro]yte.(46)

A. IrOx (Hydroxide)
There are two basic methods of creating electrochromic IrOX by

reactive sputtering and cyclic anodization. The resulting films are

42) 43)

known as SIROF( and AIROF,( respectively. Anodized films

have been prepared from bulk and evaporated iridium films.

The overall coloration reaction was given as:

N -+ -
Ir(OH)n «—~IrOX(OH)n_X + xH + xe , N >X

where Ir(OH)n is transparent and IrOX(OH) is colored blue

n-x
(44)

black. During this transformation reflectance contrast changes

(49)

60:1. This system competes well well with NO3. The presence

of bound water is important for fast coloration and bleaching of the

(45)

Ir(OH)n film. Iridium films formed by dry oxidation are in-

active electrochromically. Iridium oxide films can be grown directly
on transparent SnO2 coated substrates.(48) Solid state cells can

be fabricated using this film, to be discussed subsequent]y.(47)
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B. Rh,0, (Hydrous)
A two color electrochromic film can be found by anodic pulsing.
Both yellow to dark green or yellow to brown purple colorations can be

(56)

invoked in either 1M or 5M KOH solutions. Coloration reaction

is suggested as:

1/2 Rh203(hydrous) + OH™ #=Rh02(hydrous) + 172 Hy0 + e ,

where Rh,05 is yellow and RhO, is dark green in color. (59,56)

The reaction to form a brownish purple product has not been identified.
C. ﬂipx(hydrous)

Electrochromic films of N1'0X have been found by cycling the
potential of a nickel electrode in an Alkaline electrolyte. The
hydrous nickel oxide film can also be electrodeposited. During color-
ation the film changes from the transparent to a dark bronze color,
resulting in a reflective contrast ratio of 100:1. Coloration and
bleaching times are 50 msec and 19 msec respectively, in 1M KOH
electrolyte. These fast times are due to the incorporation of water
molecules between oxide layers. The general reaction of co1oration(57)
is:

3

N1+2 (hydroxide) +—N1+ (hydroxide) + e
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The colorization and bleaching potentials are separated by 0.4

(57)

volts. This work is in progress at present and may lead to a

fairly inexpensive material for windows.

V. Group VB Oxides, Nb,0. and V995

A. Nb,0g

Electrochromic niobium oxide films are found by cyclic anodization.
Large changes in optical absorption were noted when niobium electrodes
were cycled; this was due to solution and ionization of hydrogen in

the surface oxide. Only small refractive index changes occurred. The

60

band gap of this oxide is 3.18 eV. The suggested reaction:

Nb.O. + 2H + 2~ = Nb.O

205 204 (0H)

or 2Nb,0,°H,0

2 272 2

Obviously not enough work has been performed on this system to
qualify it for thin film use in optical shutters.

B. Y50

The vanadium oxide system performs much like WO3 (Ref. 61)
except water or alkaline electrolyte has to bevused due to V205

high solubility in acid. When V205 is immersed in water it

(62) Initially, amorphous

(58)

changes from yellow to black in color.
V205 films are yellow and electrocolor to greenish-blue.
The peaks of the absorption bands are 1.6 microns and 0.690 microns in
the yellow film. New bands appear at 0.525, 0.410 and 0.310 microns

(5)

during activation. During coloration, in V205 films, V5+

undergoes a reduction to V4+.



15

Various vanadium bronzes may exhibit improved and tunable
electrochromic behavior. Examples might be MxV205 where M = L1,
Na or Ag. AgV205 has been investigated as an electrode material.
For the V205 system, the initial coloration must be yellow and
transparent, not opaque, if it is used in windows. Also the V205

reaction with moisture may deem it unsuitable for window applications.

VI. Other Inorganic Systems

Under this category there is a range of unusual materials which
are not associated with a chemical group in behavior; many are
transition metal oxides but some are not.

A. T102

Amorphous titanium oxide undergoes an electrochromic reaction

after the fo]]owing:(6o)

Ti0, + H' + e” =T{00H

This was noted for Ti metal electrode material made by anodic
cycling. The bandgap for amorphous T1'0x is 2.88 eV with absorption
edge at 0.43 microns. After coloration, the bandgap moved to 2.99 eV
and absorption edge decreased to 0.415 microns.(60) Normally, since
T1'02 is a white opaque oxide, it may not be suitable for optical

shutters.
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V. Intercalated Electrochromic Materials

Intercalated graphite has been investigated for e]ectrochromism(62)

although since graphite is opaque it does not have use as an optical
window material. However, since the intercalated structure can
possibly be applied to other materials systems, it is of technical
interest.

Historically, intercalation of graphite is performed by a gas
phase reaction with alkaline metals. These metals intercalate between
layers of graphite lattice without changing the crystallographic order
in the graphite planes. Between these layers different stoichiometric
compounds can form, including C6L1, C12L1 and C8M, C24M, and
C36M where M = K, Rb, and Cs. These compounds commonly are charac-
terized by their golden or brass like appearance. Intercalation can
be performed in stages where, at higher (first) stages, fewer inter-
layer spaces are occupied by metallic compounds. The stage number is
the number of carbon planes between intercalate planes; the lowest is
1 and characteristic of C6L1 and C8M. The electrochromic system
relies upon the different colorations and optical properties these
stages can exhibit.

For an electrochromic device, intercalation compounds are formed
by electrochemical means and in stages, depending upon the applied

potential. The general reaction fo]]ows:(64)

- + -
C_+e *M =CM .
z z
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where M+ alkali metal ion

il

Z = stage parameter

The cell is composed of a graphite back electrode and a front counter
electrode made of metal, graphite or a conductive transparent oxide.
Between the electrodes is a water free aprotic electrolyte such as
dimethyl‘su1foxide. By controlling the applied voltage from 3-5
volts, color can be induced ranging from black, blue, green and golden

(62)

yellow. By reverse polarity the color reverts back to black.
The writing and erase times are 0.2 sec and power consumption equi-
valent to other electrochromic devices. It is felt that by use of
fast ionic conductors, such as L13N, a solid state display can be

fabricated using these principles.

VI. Organic Electrochromic Materials

These are a number of organic materials which can exhibit
electrochromism. Historically, the viologens have been researched
for electrochromic display devices. Within the organics, coloration
of a liquid is achieved by an oxidation-reduction reaction, which may
be coupled with a chemical reaction; the product reaction is a highly
colored species. Also, substances in groups, such.as pyrazoline,
biphenyl anthraquinoides and tetrathiafulvalence system exhibit
electrochromism. Organometallics, such as phthalocyanimes of
lanthanides and polytungsten anions have also been researched. The
basic types of organic electrochromic reactions have been listed by

type; type 1, a simple redox reaction, which gives a colored species,
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type 2, also a redox reaction but coupled with an independent reaction
resulting in variable color persistence and type 3, a redox reaction
with a chemical reaction producing an insoluble colored species, which
affords a memory effect. The type 1 systems are by far the simplest
type of electrochemical electrochromic process. The drawbacks are
that the induced colored species tends to drift or diffuse from the
electrode structure; however, this is not a serious problem for window
applications. Also, a gel electrolyte can be used to suppress drift-
ing. For type 2, color drift is eliminated by conversion back to the
uncolored material, by oxidation for example. This system requires
refreshing to maintain the colored state and its intrinsic efficiency
is reduced. This type is not well suited for a window shutter. The
third category involves a colored species which is insoluble in the
electrolyte, which makes the display stable. However, reverse leakage
current does exist and leakage paths should be eliminated for Tong
term coloration. The last group probably is the most attractive to
optical shutters since the colored state need not be refreshed,
resulting in energy and color savings.
A. Viologens |

The viologens are a family of chlorides of specific quarternary
bases derived from yy'~dipyridyl, (C10H8N2). Commonly viologens
are used for oxidation-reduction indicators. As indicators they are
unusual because they color in reduction rather than in oxidation and
the redox potential is independent of pH. A popular electrochromic
2

+ - I3
Br,) in water. With

viologen is diheptylviologen-dibromide (A 2
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applied potential above, -0.66 V, the organic ion may absorb an
electron of the cell cathode to form the A+ radial, resulting in a
deep blue color. Also, a second reaction may take place, forming A,
giving a yellow color, which reacts with A2+ to form more A+

again. The result is a bluish purple cathode layer of bromide salt
which is insoluble in water. The optical density of the resulting
colored product, peaks at 545 nm and has an absorption coefficient of

a = 26000/cm. (6%)

The reaction is reversed (oxidized) by current
reversal, or shorting electrodes, the latter being slower. The
problem with reverse current is to know when a stop, as the same
coloration reaction can take place on the counter-electrode. Another
method of erasure is by using a reference electrode which would only
allow the proper voltage to be used to decolor. Erasure times can be
10-50 msec. Since an oxidation reduction reaction is used, hermetic
sealing of the device from the air is very important; this may be a
drawback for a window shutter. An advantage to this cell is that
contrast ratio is not dependent upon viewing angle. The basic hepty]l

(66

viologen reaction ) is shown in Figure 1.

Benzyl viologen halides have also been studied; they have a Tower
thresho]d’potentia1 than the heptyl derivative. Also, benzyl viologen
has been mixed with a polymerized viologen dibromide to make a two

(67) In this system, colors can range from a whitish

color display.
blue to reddish purple, the color being controlled by the applied
voltage. Other modified viologens have been compounded to avoid aging

problems associated with heptyl viologen salt formation second stage
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reaction. It has been shown that SnO2 electrodes will improve

(69)

aging. Also, stable films have been formed with tetramethylene
[bis-4 (~ethylpyridine -4'-y ) pyridinium] perch]orate.(sg) Speed
of switching for viologen displays have been detailed e]sewhere(70)
but are of Tittle concern to windows development. Another GaAs
viologen device has been fabricated using photo-electrochemical

(71)

principles. This cell can be colored by photoreduction or
electroreduction. For use as a window device this new cell might be
ideal in principle. For instance, at high solar illumination the
panel could turn dark, while manually one could over ride this effect
for daylighting purposes. However, use of GaAs is not recommended for

this application due to its poor availability and high cost.

B. Polytungsten Anions (PTA)

The polytungsten anion system (PTA) exhibits a deep violet in its
reduced state. It can exist as an electrochromic material or if it is
mixed with photosensitive material such as ZnCdS, it can exhibit
photo-activation. The mixed system will darken with incident light
intensity but can be lightened by applied potential. In a research
cell it takes 4 minutes to achieve an optical density change of 40 at

(72)

3 volts. The concept of this cell is important to window

shutters, since it combines both passive and active effects. The
drawback is its long reaction times.

PTA has been used also, exclusively as an electrochromic

(11)

display. The working electrolyte consists of NaZWO4 + C1CH,COO0H.

3
PTA undergoes a type 1 reaction. By the addition of H202, a type

2 reaction is obtained for this system.
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C. Pyradine, Pyrylium and o-Tolidine Systems

The terminology "electrochromism” originated from field induced

(73) Most of the data on the

spectra shifts shown in pyridine.
pyradine system is in the patent literature.

Pyrylium has been mixed with pyridinium (viologan) to fofm an
electrochromic material. It has a coloration time of 5-180 seconds,
depending upon solute composition. The peak absorption spectra ranges
from 405-508 nm,(74) depending upon composition.

o-tolidine (C14H16N2; 4,4' diamine-3, 3' dimethyl biphenyl)
exhibit electrochromism. Upon oxidation it can turn white or reddish

in color.

D. Phthalocyanine Lanthanides

The phthalocyanine lanthanides form a large series of new
electrochromic materials. Lutetium diphthalocyanine is currently

receiving attention.(75’76)

The original film coloration is green

and can be transformed to red, violet, blue or yellowish red depending
upon the magnitude of applied current. Electrolytes such as dimethyl-
formamide and potassium chloride can be used. The coloration
mechanisms along with device design currently are under development.
The variety of colors shown by this last group of materials has very
promising utility as optical shutters while being aesthetially
pleasing.

E. Anthraquinoide and Polymer Tetrathiafulvalene System

Anthraquinoides of oxygen compounds can form colored salts with

77)

cations when in the divalent anion state.( This is opposite to
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the formation of colored anions for the viologens in the monovalent
cation state. A cell has been fabricated using 2-tertiary buty]l
anthraguionone with other materials to form a paste material. The
peak absorption is at 0.55 microns and will color reversibly from red
to white. By solvent change, blue and green are also obtainable.

The last grouping of organic materials deals with polymers. Films
of yellow tetrathiafulvalene (TTF) can be oxidized to green or

(78)

purple. Switching times for TTF bound to polystyrene of the

order of 50 msec. It is thought that other similar electroactive

polymer films may exhibit e]ectrochromism.(78)

F. Pyrazoline

The color producing reaction occurring in pyrazoline can be
triggered by blue or UV radiation. By application of voltage the cell
can be bleached or intensified in less than 1 second. These coupled
effects are known as photo-induced electrochromism (PIE). The pyrazo-
line cell is made from a sandwich of ITO coated glass plates with an
over coating of Zn(NO3)2 polyamide barrier layer on one plate.
Between the plates is a solution of M-DEASP pyrazoline and chloro-
form. It is possible to develop a flexible PIE cell using a

thermoplastic materia].(go)

VII. Cell Design

Many electrochromic cells or structural designs stem from the
historic conductive glass/electrolyte/electronic material/contact

configuration. Solid state systems differ by using a solid ion
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injector instead of a liquid electrolyte. Many instabilities
associated with these displays center around cycle speed, lifetime

and drifting (diffusion) effects.

A. Deposition

Traditionally, the wo3, MoO3 and V205 oxides are prepared

(80) from heated boats of W, Ta or M05,
4

(81)

by vacuum evaporation,

-6

- 10 ~ Torr.

(79)

under pressures of 10 Also, W05 has been

(85)

prepared by reactive sputtering and solution spraying.

The general regard in terms of deposited microstructure, is the
ability of the material to easily transport protons.(87) The in-

corporation of water appears to dictate the electrochromic coloration

(84)

speed. Anodically prepared films are generally much faster than

(83,86)

others deposited by alternate techniques. Also, there is

some evidence that aged WO3 cells can be regenerated by UV irradia-

(82)

tion in the bleached mode. Films formed by dry thermal oxidation

in most oxide systems show poor electrochromism and required a pre-
treatment to activate the material. Wet oxidation appears to be
promising as a fabrication technique.

Oxide fiilms on polished Ti and Nb are grown anodically in a

(60)

solution of ammonium hydrogen tetraborate. Iridium oxide can be

formed by potential cycling of a metal electrode in an anodizing bath

made up of H,S0, at g50c. (41:43:84)  p1co ipidium films can

(47)

be formed by reactive sputtering in oxygen, and by vacuum

evaporation of Ir metal on SnO2 coated glass with subsequent anodi-

(48)

zation. Possibly, other platinum oxides can be formed in
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this manner. Most organic electrochromics are in the liquid phase so
deposition technique is an unnecessary consideration. For most of the
designs, conductive transparent oxide films of doped SnO2 or In203

or commercially precoated glass are available. Composite systems such
as w03—MoO3 are made by co—evaporation(54) or RF reactive

(50-52)

do-sputtering.

B. Configurations

1. Solid State Cell

SP/Metal/FIC/ECM, TC (see Fig. 2) where
SP

]

scratch protection overcoat (i.e., 5102, 513N4)

metal = Au, Ag, Al

ECM = electrochromic material; e.g., wo3, MoO3

TC

transparent conductor: In203, doped Sn02, Cdo,

Cd25n04

FIC = Fast ion conductor: SiO0, MgF2, ZrOZ, Ta205, or

n

Na;_,Zn,S51 P3  04,/Nay 3 W04, or

RbAg415 or M—B-—N203 (Ref. 18, 89, 90, 91).

2. Liquid Cell
Metal/ELY/ECM/TC (see Fig. 3) where

ELY: Liquid Electrolyte, ion injector, e.qg., H2504.

3. Anodizing Cell

TC/AECM/ELY or Metal or TC or IN (see Fig. 4) where
AECM: Anodized electrochromic material;

e.g., Ir203, NiOQ, Rh203.
IN: NAFTON (Ref. 84).
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4. Organic Liquid Cell

Metal or TC/OELY, OCEM/Metal or TC (see Fig. 5) where

OELY: organic solvent electrolyte

OECM: organic electrochromic material, e.g., viologen,
pyrazoline, etc.

5. PWA Cell—No Electrolyte (Ref. 36)

Sn0,/PWA/Ag or $no,

PWA: Phosphototungstic acid.

VIIT. Summary and Conclusions

The preceeding developed the state of the art in electrochromic
material and device design. .A1though all of the referenced work
addressed display devices and not large area window shutter systems,
it was placed in context of such applications. Historically, the
drawbacks of electrochromic devices have been image drift and slow
response times; also the development of Tight emitting diodes (LED)
and liguid crystal displays (LCD) stifled electrochromic research.
The advantages of an electrochromic display (with memory) are prin-
cipally high contrast ratios, low power memory and wide viewing
angles; thus research is continued. For energy efficient window
shutters the important characteristics are solar matched spectral
response, low power, wide operating temperature and gradient response,
programable and manually controlled according to heating and cooling
needs, and should be stable to solar radiation, weather and cleaning.
Last of all, the material or device needs to be cost effective in

materials and fabrication.
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Electrochromic devices can consist of inorganic, organic and
polymeric materials in the form of films or 1iquids. Many cell con-
figurations call for a liquid electrolyte, which may be less suitable
for an electrochromic window. Solid state ion injectors (electrolytes)
probably are the best for large scale fabrication. The transition
color or coloration sequence is very important for a window. A
certain amount of human engineering in terms of optical response and
preference is important for these devices ever to become part of Tlarge
scale construction. Other potential problems have not been addressed
in detail are the lifetime of the electrochromic panel and how it
looks upon aging and degradation.

In terms of basic electrochromic materials, those showing potential
as solid state devices and exhibit memory, that is, no need for
refreshing, are favored. Certainly the Hywox systems are the most
researched; by replacing hydrogen with an alkali metal element
coloration can be altered. The solid heteropolyacids hold promise
because they have no need for electrolytes. By forming refractory
bronze cermets and metal bronzes various color tuning can be performed
on these systems, which is very important for windows. A number of
recent anodically created platinum group oxides, including nickel, have
shown electrochromic effects. These groups offer potentially
inexpensive electrochemical methods of making electrochromic films.
Also, solid state cells have been fabricated. Another method of film
formation is reactive sputtering, which is presently being developed

for high rate coating applications for other uses. Intercalated
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structures offer a unique electrochromic material; however, currently
graphite is used as a basis and it is, of course, opaque.

For the organic materials, the most is known about the viologens.
Heptyl viologen exhibits a desirable memory effect. Some semi-
coﬁductor viologen displays show photo-activation, along with
electrochromic effects; possibly a passive/active device such as this
might be very useful as a shutter. This is because it has a built-in
darkening with increased solar radiation which can be overridden
electrically. This effect is also.seen in pyrazoline. More research
is necessary to qualify this interesting effect. The group of
pythalocyanine lanthanides offer future hope of multicolored electro-
chromics. A variety of colors might be best because this allows much
necessary versatility for architectural usage. Electro-active polymers
such as tetrathiafulvalene might be filmed onto plastic window mater-
jals, although present devices require a liquid electrolyte. The most
cost effective technique 1in the creation of an electrochromic device
might be to incorporate electrochromic material directly into the

plastic or glass making process or use a related treatment.
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Appendix. Reversible Electrodeposition

1. Introduction

The term "electrochromic" is often misused and even in this work
it has been used to describe liquid state displays. Reversible
electrodeposition actually is a form of metallic electrochromism,

broadly defined.(1=3)

Reversible electrodeposition is directly
related to Tiquid electrochromic cells, for example, where a redox
reaction forms a colored compound which is, in essence, electro-
deposited on an electrode film. Devices utilizing the reversible
electrodeposition process, per se, are referred to as Reversible
Electroplating Light Modulators (REIM) or Electrolytic Displays.
Principally, the Agl system has been investigated for electronic
display devices; however, if the liquid or paste electrolyte systems
can be tolerated for an energy efficient window design, it may be
appropriate there, also. Then, an added feature with the basicly
metallic deposition systems, reflectance and absorptance can both be
varied.
2. Devices

The AgI devices rely upon a electro-redox reaction wherein metal
ions are reduced or jodide ions are oxidized and deposited on an elec-
trode, forming a solid reflecting layer. The basic theory behind re-
versible electrodeposition devices has been detai]ed.4 In an original
survey work it was found that tin, silver and gold gave the highest

variation of absorption coefficient with thickness. In that study Agl
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solutions were favored.4 A plated thickness of 50 - 150 A of silver
was found to be satisfactory for display app11cations.(5) A

simplified plating reaction for this solution 135:

I, + 2Ag =21 + 2Ag

where

—

+ -
Ag =Ag *+ e

and

Recently, a new cell electrolyte has been devised governed by the

following reaction:
Ag,I, = Ag, 1. + 21~
9475 T 794 '3

This system exhibits a transparent to metallic gold or silver white
color. Electrolytes for these devices consist of organic solvents
such as methanol acetonitride and dimethyl sulfoxide, diethyl malonate,
also alkali metal halides. The presence of the alkali ha]ide,3’6

Nal, KI improves conduction and complexing of AglI.
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This type of cell efficiency is 50 cm2/q, compared to the wo3
electrochromic devices, 25-100 cm2/q. Efficiency is defined as the
ratio of optical density change to charge injected per cm2.

However, the power consumption for the reversible deposition cell is
roughly 10 times that of electrochromic devices.

The Suitabi]ity of such devices for window systems depends mainly
upon the ease in deplating after the metal film has aged for some time
in the plated mode. Also, one must consider the refresh cycles, their
interval and power consumption.

3. Configurations (See Fig. Al)

System I. (Ref. 6)
Electrolyte 1M AgI, 1M NaOH, 5M Nal

System II. (Ref. 5) Electrolyte: Agl, Nal, Methanol or acetonitrile
1. Refresh every 10 min. to keep opacity
2. Vmax = 0.8 volts continuous, Imin = O.4mA/mm2
3. Write erase time 50=200 in sec.
4., Lifetime > 107 cycles and one year (research devices)
5. Operating temperature -40° to 80°C

System III. (Ref. 3) Electrolyte: Agl, KI, 12, dimethyl sulfoxide
1. Vmin < 2 volts, V max = 100 volts, pulsed
2. Matte Reflectivity

3. Lifetime > 106 cycles
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Figure Captions

Fig. 1. Electrochemical Heptyl Viologen Reduction reaction with

substituents: R = C3H7, C6H13’ C7J

pheny]—CHz; X = Br, Ci1, I.

15> Cgh17

Fig. 2. Solid state cell where a fast ion conduction (FIC) is used as
an electrolyte.

Fig. 3. Liquid electrolyte cell used with solid inorganic
electrochromic films

Fig. 4. Electrochromic cell where.an inorganic electrochromic film is
colored by anodization.

Fig. 5. Liquid electrolyte cell for use with liquid organic
electrochromic compounds.

Fig. 6. Solid state cell disigned for PWA. For this unusual case PWA
serves both as electrochromic material and fast ion conductor.

Fig. A-1. Reversible electrodeposition cell. It is designed to

reversibly deposit a silver film with applied potential.
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